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Abstract 

The processes of the photon and electron-positron pair production by a 
neutrino propagating in a strong magnetic field are investigated in the frame- 
work of the Standard Model. The process probabilities and the mean values of 
the neutrino energy and momentum loss are calculated. Possible astrophysical 
manifestations of the processes considered are briefly analysed. 
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1 Introduction 



Neutrino physics in media is a vigorously growing and prospective line of investi- 
gations at the junction of particle physics, astrophysics and cosmology. Matter is 
usually considered as the medium. However, the strong magnetic field can also play 
the role of an active medium. In the recent times an interesting effect of significant 
enhancement of the probability of the neutrino radiative decay z/j — > Uj'j by a magnetic 
field (magnetic catalysis) was discovered in the frame of the Standard Model with 
lepton mixing |^ (the effect was also confirmed in Refs. 0). 

In the papers |^ the massive neutrino radiative decay z/j — > z^j + 7 Q was studied 
in external electromagnetic fields of various configurations, in particular, in the strong 
magnetic field. It was shown that a field-induced amplitude was not suppressed by 
the smallness of neutrino masses and did not vanish even in the case of the massless 
neutrino as opposed to the vacuum amplitude. The decay probability of the neutrino 
with energy < 2me was calculated under the assumption that photon dispersion 
relation was close to the vacuum one, = 0. 

However, the photon dispersion in the strong magnetic field differs significantly 
from the vacuum dispersion with increasing of the photon energy so the on-shell 
photon 4-momentum can appear as the space-like with sufficiently large value of g^, 
(|g^| ^ m^). In this case the phase space for the neutrino transition z/j — > z^^ • + 7 
with rrii < rrij is opened also. It means that the decay probability of ultrarelativistic 
neutrino becomes insensitive to the neutrino mass spectrum due to the photon dis- 
persion relation in the strong magnetic field. This phenomenon results in a strong 
suppression (~ ml /El) of the neutrino transition with flavour violation, so a diag- 
onal process z^; ^ z/^ + 7 (/ = e, yU, r) is realized only. Thus, this diagonal radiative 
neutrino transition does not contain uncertainties associated with a possible mixing 
in the lepton sector of the Standard Model, and can lead to observable physical effects 
in the strong magnetic fields. 

Another decay channel also exists, z/j — >■ Vje~e^ , which is forbidden in vacuum 
when uii < rrij + 2me. However, the kinematics of a charged particle in a magnetic 
field is that which allows to have a sufficiently large space-like total momentum for 
the electron-positron pair, and this process is possible even for very light neutrinos. It 
means that a flavor of the ultrarelativistic neutrino is also conserved in this transition 
in a magnetic field, to the terms of the order of rn^/ E^ regardless of the lepton mixing 
angles. Consequently, a question of neutrino mixing is not pertinent in this case and 
the process v — >■ ve~e^ can be considered in the frame of the Standard Model without 
lepton mixing. 

Here we investigate the processes u —>■ wj and z/ — > z/e"e^ for the high energy 
neutrino, E^, 3> me, in a strong constant magnetic field. We consider a magnetic field 
as the strong one if it is much greater than the known Schwinger value = m'^/e ~ 
4.41 ■ lO^^G. These processes could be of importance in astrophysical applications, e.g. 

^Here i and j enumerate the neutrino mass eigenstates but not the neutrinos with definite flavors. 
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in an analysis of cataclysms like a supernova explosion or a coalescence of neutron 
stars, where the strong magnetic fields can exist, and where neutrino processes play 
the central physical role. In the present view, the magnetic field strength inside 
astrophysical objects in principle could be as high as 10^^ — lO^^^G, both for toroidal |^ 
and for poloidal fields. The magnetic fields of the order of 10^^ — 10^^ G have been 
observed at the surface of pulsars are the so-called 'old' magnetic fields and they do 
not provide a determination of the field strength at a moment of the cataclysm. 

Here we calculate the probabilities of the processes and the mean values of the 
neutrino energy and momentum loss through the production of electron-positron 
pairs and photons. 

If the momentum transferred is relatively small, -C ^m^r 0, the weak interac- 
tion of neutrinos with electrons could be described in the local limit by the effective 
Lagrangian of the form 



^ = -^[eiaigv - 9Al5)e] - 75)^^], 9v = ±^ + ^sin^Ow , Qa = ±-. (1) 

Here the upper signs correspond to the electron neutrino (z/ = z/g) when both neutral 
and charged current interaction takes part in a process. The lower signs correspond to 
H and T neutrinos [u = z/^, Ut), when the neutral current interaction is only presented 
in the Lagrangian (|1|). 

The strong magnetic field is the only exotic we use. 



2 The probability of the process z/ — ^ z/7 

The field-induced z/z/7-vertex can be calculated using an effective four-fermion weak 
interaction (|ID of the left neutrino with the electron only, because the electron is the 
most sensitive fermion to the external field. By this means, the diagrams describing 
this process are reduced to an effective diagram with the electron in the loop 




where the double lines imply that the influence of the external field in the propagators 
is taken into account exactly. 

The calculation technique for the loop diagram of this type was described in detail 
in the paper 0. We note that this effective z/z/7 amplitude is enhanced substantially 

^As the analysis shows, it corresponds in this case to the neutrino energy E ^ m^/eB. 
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in the vicinity of the, so called, photon cyclotronic frequencies. The same phenomenon 
in the field-induced vacuum polarization is known as the cyclotronic resonance [0. 

As was first shown by Adler |Q, two eigenmodes of the photon propagation with 
polarization vectors 



^(11) ^ Mii. ^(±)^Mm 



are realized in the magnetic field, the, so-called, parallel (||) and perpendicular (±) 
polarizations (Adler's notations). Here ^Pap = Fa/3/B and i^afs = ^£a|3^luf^ll' are the 
dimensionless tensor and dual tensor of the external magnetic field with the strength 
B = (0, 0, B); qf = {q^^q) = qa'fafS'f^t.qt, = ql - qh ?! = {q^^q) = 9i + ql- 

It is of interest for some astrophysical applications the case of relatively high 
neutrino energy ~ 10 — 20MeV ^ rrie and strong magnetic field eB > E^. As 
the analysis of the photon dispersion in a strong magnetic field shows, a region of the 
cyclotronic resonance gy ~ Am^ in the phase space of the final photon, corresponding 
to the ground Landau level of virtual electrons dominates in the process u — >■ wy. 
It is particularly remarkable that the _L photon mode only acquires a large space- 
like 4-momentum in the vicinity of the resonance. The corresponding amplitude 
of the process contains the enhancement due to the square-root singularity when 
gy — >■ 4mg. It means that taking account of the many- loop radiative corrections 
is needed. A detailed description of this procedure will be published elsewhere. A 
general expression of the probability of the process u wy^-^^ has a rather comlicated 
form. Here we present the result of our calculation in the limit eB ^ E^ sin^ 9: 

W^^^c:.^{g'y + gl)e'B'Esm'e. (3) 

Here E is the initial neutrino energy, 6 is the angle between the vectors of the magnetic 
field strength B and the momentum of the initial neutrino p. The dispersion relation 
for the II photon mode is close to the vacuum one, q^ = 0, and it gives a negligibly 
small contribution to the probability in the limit considered. 

The probability of the process u — > i^y^-^^ is also non-zero above the threshold 
point of the e~e"'"-pair creation, gy > Ami, due to an imaginary part of the amplitude. 
However, another channel u — > i'e~e~^ dominates in this region. 



3 The probability of the process v ^ ve e+ 

An amplitude of the process v — > ve~e^ could be immediately obtained from the 
Lagrangian (P where the known solutions of the Dirac equation in a magnetic field 
should be used. 
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Hp') e{k') 

We present here the results of our calculations of the probability in two limiting 
cases which have a clear physical meaning: eB ^ E"^ siv? 6 and eB <^ E"^ sin^ 6. 

In the case when the field strength B appears to be the largest physical parameter, 
the electron and the positron could be born only in the states corresponding to the 
lowest Landau level. Integrating over the phase space, one obtains the following 
expression for the probability in the limit eB ^ E"^ sin^ 6 

167r3 ^ ^ 

In another limiting case, eB <^ E^ sin^ 9, when a great number of the Landau 
levels could be excited, our result for the process probability can also be represented 
in a simple form 

^^(ee) ^ ^K||M) ^6^2 ^^^^ _ 1^^3 - - |), (5) 

where x = e{pFFpY^'^ /m? = eBEsin9/m^ is the field dynamical parameter, 'Je = 
0.577. . . is the Euler constant. 

4 The neutrino energy and momentum losses 

It should be noted that a practical significance of these processes for astrophysics 
could be in the mean values of the neutrino energy and momentum losses rather than 
in the process probabilities. These mean values could be found from the four-vector 

= E y" dWq'' = {I,f)E. (6) 

Its zero component is connected with the mean neutrino energy loss in a unit time, 
X = dE/dt. The space components of the four- vector (^) are connected similarly 
with the neutrino momentum loss in unit time, JF = dp/dt. Here we present the 
expressions for in two limiting cases used above for the probability: 
i) eB ^ E'^ sin^ 9, for both processes 

Uv ~^ 9a ) 



X = EWCi 



5 



= EWCi (cosg+ y^^^^ ) , J^^ = EWC2Suie, (8) 
V 9v + 9aJ 

where the z axis is directed along the field, the vector jFj_, transverse to the field, lies 
in the plane of the vectors B and p, 

•-^1 ~ 4' '-"2 — 2' ^1 ~ 3' ~ 
ii) e5 ^ sin^ for the process u uee 

~ l-^iyMp", (9) 
lo 

where the probability should be taken from Eq. All expressions for the process 
u —>■ ve~e^ are also applicable for the process with antineutrino V z/e~e"^ due to 
the CP-invariance of the weak interaction. 



5 An applicability of results in a presence of hot 
dense plasma 

Let us note that our results are valid in the presence of plasma with the electron 
density n ~ 10'^^ — 10^^cm~^, {n = n^- — ne+). This is due to a peculiarity of the 
statistics of the relativistic electron gas in a magnetic field [§]. A dependence of 
the density of the relativistic electron-positron gas on the chemical potential n and 
the temperature T can be written, in view of the degeneration over the transversal 
momentum, as the following sum over the Landau levels 



B °° ^ 
n = ne- -rie+ = ^ / rfpi (exp (^-— ^) + 1] + 







, 2Efexpf^?±|^)H-l) (10) 



k=l 




In the strong magnetic field, yeB — fx ^ T, when the ground Landau level is only 
occupied, a dependence on the temperature in Eq. (0) disappears. The chemical 
potential as a function of the density becomes 

, ^ ^ 0.26 MeV f " .U^V (11) 

^ eB V1033 cm-3y \ B J ^ ' 

It is significantly less for the same density than in the case without field 



6 



1 /3 

/.o = (3.M^/^ -6.1Mev(^P^) . (12) 

As the analysis shows, the suppressing statistical factors in integrating over the phase 
space do not arise at the conditions B > 10^^ G {T/3 MeV)^ and 
B>5- 10^5 G (r2/1033 cm-3)2/3. 

In another limiting case of very high temperature, T 3> VeB, yU, an influence of 
a medium leads to the constant statistical factors of 1/2 both for an electron and for 
a positron. This reduces the process probability in 4 times. 



6 Possible astrophysical consequences 

To illustrate the formulae obtained we consider the astrophysical process of a birth 
of the magnetized neutron star, pulsar, for example, in a supernova explosion. Let 
us suppose that in the cataclysm a very strong magnetic field of the order of 10^^ — 
lO^^G ^ arises in some reason in the vicinity of a neutrinosphere. The electron 
density in this region will be considered to be not too high, so a creation of the e~e"'" 
pairs is not suppressed by statistical factors. In this case the neutrino propagating 
through the magnetic field will loose the energy and the momentum in accordance 
with our formulas. A part of the total energy lost by neutrinos in the field due to the 
process of the e~e'^ pair creation could be estimated from Eq. (^: 

A^(^^) ^ / B \ f E Y f Ae \ 

——] —tt:-) tttt- h (13) 



here A£ is a characteristic size of the region where the field strength varies insignifi- 
cantly, Stot is the total energy carried off by neutrinos in a supernova explosion, E is 
the neutrino energy averaged over the neutrino spectrum. Here we take the energy 
scales which are believed to be typical for supernova explosions 0. 

An asymmetry of outgoing neutrinos is another interesting manifestation 

A = (14) 
Li \Pi\ 

In the same limit of the strong field we obtain 

One can see from Eqs. (p!3D, ([151) that the effect could manifest itself at a level of 



about percent. In principle, it could be essential in a detailed theoretical description 
of the process of supernova explosion. For the process u —>■ wj one obtains 

^(7) _ 2Tia^A^^'\ (16) 
E^ ^ ' 
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It is seen that two processes considered could be comparable for some values of phys- 
ical parameters. 

In another limiting case eB <^ E'^ sin^ 9 we obtain from Eq. 



4.7 + In 



B E \ 



1015 G 20 MeV 



Stot V1015 G/ V20MeV;V10km 

(17) 

Let us note that an origin of the asymmetry of the neutrino momentum loss with 
respect to the magnetic field direction is a manifestation of the parity violation in 
weak interaction, because the J-'z value contains the term proportional to the product 
of the constants gy and qa- This asymmetry could result in the recoil "kick" velocity 
of a rest of the cataclysm. 



7 Conclusions 

• If the physical parameters would have the above-mentioned values, the effect could 
manifest itself at a percent level. It could be essential in a detailed theoretical de- 
scription of the process of a supernova explosion or a coalescence of neutron stars. 

• An origin of the asymmetry of the neutrino momentum loss with respect to the 
magnetic field direction is a manifestation of the parity violation in weak interaction 
(proportional to gvQA)- 

• This asymmetry results in the recoil "kick" velocity of a rest of the cataclysm. For 
the parameters used, it would provide a "kick" velocity of order 150 km/s for a pulsar 
with mass of order of the solar mass. 

• Produced e~e^ pairs and 7-quanta are captured by a strong magnetic field and 
propagate along the field 0. Thus a mechanism of significant power "pumping" of 
polar caps of a magnetized remnant could take place. 
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